Introduction
Lung cancer, the most common invasive cancer, is a leading cause of cancer death worldwide due to its late diagnosis and poor outcomes. 1 Non-small-cell lung cancer (NSCLC) accounts for approximately 80% in all cases of lung cancer. 1 Although novel therapies have been developed, radiation is still an important strategy in NSCLC treatment. However, reduced radiosensitivity of lung cancer cells represents a pivotal obstacle in clinical oncology. Thus, investigation on special therapeutic targets associated with radioresistance shows promises for the enhancement of clinical radiotherapy effect toward NSCLC. Stathmin1 (STMN1) is a cytosolic phosphoprotein that abundantly expressed in various types of human cancers. STMN1 has been found to destabilize microtubules and play an important role in the regulation of cell cycle progression. 3 Recently, Nie et al 4 found that upregulation of STMN1 correlated with poor differentiation in lung adenocarcinomas, suggesting that deregulation of STMN1 was associated with the development of lung cancer. However, the detailed role of STMN1 in NSCLC, especially in its radioresistance, remains largely unclear. Zhang et al Autophagy is a catabolic process that maintains cellular homeostasis. 5 The role of autophagy in regulating cancer cell apoptosis has been widely investigated, but not fully elucidated. Previous evidence showed that when cancer cells were subjected to unfavorable conditions, such as treatment with anticancer drugs or radiation, autophagy was rapidly activated and functioned as a cytoprotective mechanism to enhance cancer cell survival. 6 Therefore, autophagy may contribute to the resistance to anticancer therapies including radiation. In addition, microRNAs (miRNAs), a class of short noncoding RNA, have been demonstrated to play a critical role in various biological processes including autophagy and radioresistance by repressing the expression of their target genes at the posttranscriptional level. 7 For instance, miR-101 has been reported to act as a potent inhibitor of basal, etoposide-and rapamycin-induced autophagy, sensitizing breast cancer cells to 4-hydroxytamoxifen (4-OHT)-mediated cell death by targeting STMN1. 8 Thus, STMN1 is suggested to be capable of sensitizing tumor cells to chemotherapy by inhibition of autophagy. However, no previous study has investigated the role of STMN1 in radioresistance of NSCLC.
Therefore, the present study mainly aimed to investigate the exact role of STMN1 in the regulation of radioresistance in NSCLC. Besides, we also studied the underlying mechanism involving autophagy and the related signaling pathway.
Materials and methods cell culture
NSCLC cell lines, H1299, H292, A549, and H358, and human bronchial epithelial cells (HBE) were obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). H1299, H292, A549, and H358 were cultured in ATCC-formulated F-12K medium supplemented with 10% fetal bovine serum. HBE cells were cultured in keratinocyteserum free medium with 5 ng/mL human recombinant epidermal growth factor and 0.05 mg/mL bovine pituitary extract and supplemented with 0.005 mg/mL insulin and 500 ng/ mL hydrocortisone. All the cells were cultured at 37°C in a humidified incubator containing 5% CO 2 .
The Institutional Review Board of Third Xiangya Hospital, Central South University, approved this study and certified that the ethical principles and the design and methods of the research were in accordance with the regulation and procedure requirements.
cell treatment
The recombinant lentivirus of Lv-STMN1 (POSL341065641, GENECHEM, Shanghai, People's Republic of China) and anti-STMN1 (PIEL112065641, GENECHEM) were transfected into A549 and H1299 cells, respectively. Then, STMN1 gain model (Lv-STMN1), and STMN1 loss model (anti-STMN1) and the control of gain models (Lv-NC) and the control of loss models (anti-NC) were successfully constructed by selection with G418 (10131-027, Life Technologies, Grand Island, NY, USA). Then, cells in each group were exposed to X-ray irradiation at 2 Gy before a serious analysis.
The STMN1 gain/loss models of A549 and H1299 cells were irradiated by Primus Linear Accelerator (Siemens, Berlin, Germany) at different doses ranging from 0 to 8 Gy before the clonogenic cell survival assay.
The Lv-STMN1 and Lv-NC cells of A549 and H1299 were treated with or without 5 µM of insulin-like growth factor-1 (IGF-1) (BiYunTian, Beijing, People's Republic of China), irradiated by Primus Linear Accelerator (Siemens) at different doses ranging from 0 to 8 Gy before the clonogenic cell survival assay.
MiR-101 was upregulated or downregulated by transfection with miR-101 mimics or inhibitor, respectively. Pre-and anti-con groups were settled as controls. All the plasmids were purchased from GENECHEM.
real-time polymerase chain reaction assay
Total RNA was prepared using a Trizol agent (Life Technologies) according to the manufacturer's instruction. For the analysis of miRNA expression, miScript Reverse Transcription Kit (Qiagen GMbH, Hilden, Germany) was used to convert RNA into cDNA, according to the manufacture's protocol. MiRNA Q-PCR Detection Kit (Qiagen) was used to perform real-time polymerase chain reaction (PCR) on ABI 7500 thermocycler (Invitrogen Life Technologies, Grand Island, NY, USA). U6 gene was used as an endogenous control. For the analysis of mRNA expression, RevertAid™ H Minus First-strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used to convert RNA into cDNA, and real-time PCR was then performed by using the Power SYBR Green kit (BioRad, Hercules, CA, USA) on ABI 7500 thermocycler. Beta-actin was used as an endogenous control. The relative expression was analyzed by the 2 −ΔΔCt method. The primers for miR-101 (HmiRQP0021) and U6 (HmiRQP9003) were designed and purchased from GeneCopoeia (Guangzhou, People's Republic of China). The primers for STMN1 are shown as follows: sense, 5′-TCGGACTGAGCAGGACTTTC-3′ and antisense, 5′-ATGGGACTTGCGTCTTTCTT-3′. The primers for β-actin were shown as follows: sense, 5′-AGGGGCCGGACTCGTCATACT-3′ and antisense, 5′-GGCGGCACCACCATGTACCCT-3′.
Western blot
A total 60 µg of proteins were separated on 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis, (PA003D; Auragene, Changsha, People's Republic of China) transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA) and probed with primary antibodies: anti-LC3B antibody (Abcam, Hong Kong), anti-Beclin1 antibody (Epitomics, Hong Kong), anti-STMN1 antibody (Abcam), antiphosphoinositide 3-kinase (anti-PI3K) antibody (Santa Cruz Biotechnology, Dallas, TX, USA), anti-P-PI3K (Santa Cruz Biotechnology), anti-mammalian target of rapamycin (mTOR) antibody (Abcam), anti-p-mTOR (Abcam), anti-S6K (Abcam), anti-P-S6K antibody (Abcam), or anti-β-actin antibody (Boster, Wuhan, People's Republic of China) at 4°C for one night, and followed by secondary antibodies conjugated with horseradish peroxidase at room temperature for 1 hour. The protein bands were visualized by the Amersham ECL system (RPN998, GE, Fairfield, CN, USA) and scanned. Data was analyzed by densitometry using Image-Pro plus software 6.0 (Media Cybernetics, Rockville, MD, USA) normalized to β-actin expression.
clonogenic cell survival assays
Cells were irradiated in suspension in F-12K medium with 0, 2, 4, 6, and 8 Gy X-ray radiation at a distance of 20 cm from the source. An appropriate number of cells were plated into each of five 10 mm dishes containing 10 mL F-12K medium. Cells were incubated for 14 days, fixed in methanol for 15 minutes, stained with Giemsa (Sigma-Aldrich Co., St Louis, MO, USA) for 10 minutes, dried in air and colonies counted. The number of colonies derived from irradiated cells was expressed as a percentage of colonies in unirradiated control plates.
Flow cytometric analysis of apoptosis with annexin-V/Pi double staining
Annexin V apoptosis detection kit (Life technologies, USA) was used for analysis of apoptosis. After indicated treatment, A549 and H1299 cells were trypsinized, collected, and resuspended. Approximately 2×10 5 cells were harvested and washed twice with cold phosphate buffer saline, then resuspended in 500 µL binding buffer. A total of 10 µL Annexin V-FITC and 10 µL propidium iodide were added to the solution and mixed well. After 15 minutes incubation, the cells were analyzed using flow cytometric analysis (BD Biosciences, San Jose, CA, USA).
Dual luciferase report system
Wild type (wt) and mutant (mut) 3′-UTR of STMN1 were inserted into downstream of the dual luciferase reporter vector. For luciferase assay, 10 5 cells were plated and cultured in 24-well plates to reach approximately 70% confluence. Cells were co-transfected with miR-101 mimic and wt/mut 3′-UTR of STMN1 dual luciferase reporter vector, respectively. After 48 hours transfection, dual luciferase reporter gene assay kit (BioVision, Milpitas, CA, USA) was used to determine the luciferase activities on luminometer (Roche, Basel, Switzerland). Renilla luciferase activity was normalized to firefly luciferase activity.
electron microscopy
Cell pellets were fixed in 2.3% glutaraldehyde, postfixed in 2% osmium tetroxide and 0.5% uranyl acetate, dehydrated and embedded in Spurs epoxy resin. Ultrathin sections (90 nm) were made and double-stained with uranyl acetate and lead citrate, and viewed with a Philips CM10 transmission electron microscope (Phillips Electronics, Amsterdam, the Netherlands).
statistical analysis
Analysis of data was performed by using Graphpad prism5 software (GraphPad Software, Inc., La Jolla, CA, USA). Student t-tests or one-way analysis of variance (ANOVA) was used depending on the experimental conditions. Results showed in figures are expressed as mean ± standard deviation (SD). Statistical significance was evaluated by P-values of ,0.05.
Results

Upregulation of sTMn1 is associated with the activation of autophagy induced by X-ray in nsclc cells
Western blotting assay was first conducted to determine the protein levels of STMN1 in NSCLC cell lines. As shown in Figure 1A , the expression of STMN1 was significantly increased in NSCLC cell lines (H1299, A549, H358, and H292) compared to HBE. Furthermore, A549 and H1299 cells were exposed to X-irradiation (0, 2, and 4 Gy). We found that STMN1 was significantly upregulated in A549 and H1299 cells after exposure to X-irradiation ( Figure 1B) . Meanwhile, the autophagy-related gene Beclin1 and LC3II/I were also significantly increased, indicating that the level of autophagy was increased ( Figure 1B ). These data suggest that upregulation of STMN1 may be associated with the activation of autophagy induced by X-irradiation.
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The upregulation and knockdown of STMN1 cell models were successfully constructed by using A549 and H1299 cells, which were confirmed by Western blot analysis ( Figure 1C) . To reveal the role of STMN1 in the sensitivity of NSCLC cells to radiotherapy, cells in each group were exposed to X-ray (4 Gy). And 48 hours after radiation, the apoptosis levels in each group were determined by using flow cytometric assay. As shown in Figure 2A , the apoptotic levels were significantly increased after knockdown of STMN1, compared to the control group. On the contrary, upregulation The protein expression levels of sTMn1 in sTMn1-up/downregulating of a549 and h1299 cells by Western blot analysis. Data presented as mean ± sD, *P,0.05, **P,0.01, ***P,0.001. Abbreviations: anti-con, the control of anti-sTMn1 loss models; anti-sTMn1, sTMn1 loss model; con, control; hBe, human bronchial epithelial cells; lv-nc, the control of gain models; lv-sTMn1, sTMn1 gain model; nsclc, non-small-cell lung cancer; sTMn1, stathmin1; sD, standard deviation. of STMN1 led to a significant decrease in apoptotic levels in NSCLC cells, compared to the control group (Figure 2A ). These findings suggest that inhibition of STMN1 expression sensitizes NSCLC cells to radiation.
To further validate the role of STMN1 silencing in the radiosensitivity of NSCLC cells, cells in each group were subjected to X-ray (0, 2, 4, 6, and 8 Gy). Then, the colony formation assay was conducted to test cell survival. Our data showed that the surviving rate of anti-STMN1 groups was significantly decreased compared with that of anti-NC cells and the control cells groups ( Figure 2B ). On the contrary, the surviving rate of Lv-STMN1 cells groups was markedly increased compared with that of Lv-NC cells and control cells groups ( Figure 2B ). These results suggest that inhibition of STMN1 expression indeed enhances the sensitivity of A549 and H1299 cells to X-irradiation.
Knockdown of sTMn1 inhibited radiation-induced autophagy in nsclc cells
We further tested the effect of STMN1 knockdown or overexpression on X-irradiation-induced autophagy in NSCLC cells. Western bolt analysis indicated that the expression of Belclin1 and the ratio of LC-3II to LC-3I were increased in the Lv-STMN1 group but reduced in the anti-STMN1 group, when compared to the control groups ( Figure 3A ). After that, the autophagosomes in each group were characterized by electronic microphotography. Images of electron microscopy showed the numbers and the volumes of autophagosomes were significantly increased in Lv-STMN1 group, but dramatically decreased in anti-STMN1 group ( Figure 3B ), indicated that the autophagy level was reduced after knockdown of STMN1 in NSCLC cells. Based on these data, we suggest that knockdown of STMN1 significantly inhibits the radiation-induced autophagy in NSCLC cells.
sTMn1 enhanced the radiation-induced autophagy and radioresistance through inhibition of P13K/mTOr signaling in nsclc cells As P13K/mTOR signaling pathway has been demonstrated to be involved in autophagy in human cancers, we further examined the activity of the P13K/mTOR signaling pathway by performing Western blot analysis. As shown in Figure 4A , overexpression of STMN1 led to a significant decrease in the levels of p-P13K, p-mTOR, and p-S6K, when compared with those in the Lv-NC cells, indicating that the activity of PI3K/mTOR signaling was downregulated. On the contrary, knockdown of STMN1 caused a significant increase in the levels of p-P13K, p-mTOR, and p-S6K, when compared with those in the anti-NC cells, indicating that the activity of PI3K/mTOR signaling was upregulated ( Figure 4A ). These data suggest that knockdown of STMN1 may activate the PI3K/mTOR signaling, which further inhibit the radiation-induced autophagy in NSCLC cells exposed to radiation. (B) autophagosome-like structures (indicated by the red arrows) were assayed by TeM. Data presented as mean ± sD, *P,0.05, **P,0.01. Abbreviations: anti-nc, the control of loss models; anti-sTMn1, sTMn1 loss model; lv-nc, the control of gain models; lv-sTMn1, sTMn1 gain model; sTMn1, stathmin1; sD, standard deviation; TeM, transmission electron microscopy. To further confirm these findings, STMN1-overexpressing A549 and H1299 cells were treated with the PI3K/mTOR signaling agonist IGF-1, followed by X-ray treatment. As shown in Figure 4B , Lv-STMN1+IGF-1 group showed a significant decrease in the protein level of Beclin1 and the ratio of LC3II to LC3I, compared to the control groups, indicating that the autophagy level is decreased. Therefore, activation of PI3K/mTOR signaling suppressed the promoting effect Figure 4 sTMn1 regulated the autophagy ability through P13K/mTOr pathway in a549 and h1299 cells. Notes: (A) Western blot analyzed the protein expression levels of mTOr and Pi3K signal pathway in sTMn1-up/downregulating of a549 and h1299 cells, which were treated with X-ray at 2 gy. (B) Western blot analysis of lc3-1 and lc3-ii, Beclin1 expression in sTMn1-overexpressing a549 and h1299 cells treated with or without igF-1, when they subjected to X-ray in 2 gy. (C) and the clonogenic cell survival assay was conducted. Data presented as mean ± sD. Abbreviations: con, control; anti-nc, the control of loss models; anti-sTMn1, sTMn1 loss model; igF-1, insulin-like growth factor-1; lv-nc, the control of gain models; lv-sTMn1, sTMn1 gain model; mTOr, mammalian target of rapamycin, p, phosphorylation; sTMn1, stathmin1; sD, standard deviation. 
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Zhang et al of STMN1 overexpression on autophagy in NSCLC cells exposed to X-ray. We further determined the radiosensitivity in each group. As shown in Figure 4C , the surviving rate of NSCLC cells in the Lv-STMN1+IGF-1 group was significantly decreased compared to the control group, indicating that activation of PI3K/mTOR signaling suppressed the STMN1 overexpression-induced radioresistance in NSCLC cells exposed to X-ray. Based on these data, we demonstrated that STMN1 enhanced the radiation-induced autophagy and radioresistance through inhibition of P13K/mTOR signaling in NSCLC cells.
sTMn1 is a direct target of mir-101 in nsclc cells
We further used web-based application of bioinformatic tools to analyze whether STMN1 is mediated miRs, and our data showed that miR-101 may potentially target to the 3′UTR of the STMN1 mRNA ( Figure 5A ). To clarify this predication, we cloned the 3′UTR of STMN1 downstream to a luciferase reporter gene, and its mutant version was also constructed ( Figure 5A ). The constructed vectors were co-transfected with miR-101 mimics or inhibitor into A549 and H1299 cells. The luciferase activity of cells transfected with miR-101 and 
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stathmin1 increases radioresistance in nsclc STMN1 was significantly decreased compared to inhibitor control groups ( Figure 5B) . However, the miR-101-mediated repression of luciferase activity was abolished by the mutant putative binding site ( Figure 5B ). In addition, Western blotting analysis data also confirmed that miR-101 negatively regulated the protein expression of STMN1 in NSCLC A549 and H1299 cells ( Figure 5C ). According to the earlier data, STMN1 is indeed a target gene of miR-101 in NSCLC cells.
Discussion
Our study aimed to reveal the role of STMN1 in radioresistance in NSCLC as well as the underlying mechanism. We first found that STMN1 was significantly upregulated in NSCLC cell lines. Moreover, the radioresistant NSCLC cells showed an upregulation of STMN1. Meanwhile, the autophagy-related Beclin1 level as well as the ratio of LC3BII to LC3BI was also significantly increased with the increasing X-ray dose in NSCLC cells. It has been well established that high levels of autophagic Beclin1 and LC3BII/I are involved in the chemoresistance and radioresistance, 9, 10 and the tumor-promoting role of autophagy has been reported in the mouse model of lung cancer. 11 Thus, we suggest that STMN1 is associated with the radiosensitivity in lung cancer cells.
In the present study, we found that the enhancement of autophagy was along with an increase of STMN1 expression in radioresistant NSCLC cells. By gain-and lossfunction experiments, we found that downregulation of STMN1 resulted in a decrease of autophagy, subsequently sensitized NSCLC A549 and H1299 cells to radiation by inducing proliferation inhibition and promoting apoptosis. STMN1 has been found to be associated with chemoresistance, including esophageal squamous cell cancer, 12 breast cancer, 13 colorectal cancer, 14 and lung cancer. 4 Silencing of STMN1 combined with paclitaxel significantly inhibited the proliferation of esophageal squamous cell cancer cells, with a significantly higher apoptosis rate. 12 Wu et al 14 found that silencing STMN1 also significantly improved chemoresponse to colorectal cancer therapeutic agent 5-fluorouracil treatment. Moreover, the expression of STMN1 was higher in NSCLC tissues compared to normal tissues, and a high level of STMN1 was often correlated with poor prognosis. The STMN1 was higher in taxol-resistant NSCLC NCI-H1299 cells than in NCI-H1299 cells. 13 Inhibition of STMN1 expression increased the sensitivity to taxol and promoted cellular apoptosis in taxol-resistant NSCLC cells. 13 The evidence from our research data also demonstrated the silencing of STMN1 which sensitizes NSCLC cells to radiation.
It was reported that high-phosphorylated Stathmin was associated with several PI3K/mTOR pathway alterations, including increased PIK3CA copy number and PI3K activation, 15 indicating that STMN1 may respond to PI3K/mTOR inhibitors. Schimmack et al 16 found that STMN1 knockdown decreased proliferation, and PI3K inhibitors directly inhibited proliferation via Stathmin inactivation. Here we found that overexpression of STMN1 in NSCLC cells decreased PI3K/mTOR signaling and increased autophagy, resulting in decreased apoptosis and resistance to radiation, which was rescued by PI3K/mTOR signaling agonist IGF-1. Thus, we provided evidence to illustrate that inhibition of STMN1 sensitized NSCLC cells to radiation via regulating PI3K/mTOR signaling and autophagy. Previous study also showed that Stathmin was involved in the hypoxiamediated PI3K/serine/threonine kinase AKT/mTOR pathway activation in ovarian clear cell adenocarcinoma. 17 Besides, STMN1 is a relevant p27 binding partner, and their cooperation controls the early phase of G1 to S phase transition. 18 Upregulation of STMN1 has been found to cause a loss of cell cycle mitotic checkpoint control, and thus may render tumors amenable to PI3K inhibitory therapy. 16 In addition, STMN1 has been identified as a target of miR-101, regulating STMN1 expression at transcriptional and translational levels in other cancer types. 19 In the present study, we also confirmed that STMN1 was a direct target gene of miR-101 in NSCLC cells. It was reported that downregulation of miR-101 was associated with a poor prognosis in patients with NSCLC. 20 Chen et al 21 demonstrated that the endogenous miR-101 level was lower in 13 radioresistant NSCLC cell lines. Enforced expression of miR-101 could inhibit NSCLC cell proliferation and invasion, and sensitize NSCLC cells to paclitaxel-mediated apoptosis. 22 Besides, miR-101 also sensitized the A549 NSCLC cell line, 23 epithelial ovarian cancer cells, and human bladder cancer cells to cisplatin via the activation of caspase 3-dependent apoptosis. 24, 25 Xu et al 26 recently reported that miR-101 repressed hepatocellular cancer progression through directly targeting EZH2 oncogene and sensitized liver cancer cells to doxorubicin or fluorouracil to induce apoptosis by inhibiting autophagy. Thus, the miR-101-mediated sensitivity to radiation as well as autophagy may via directly targeting STMN1 in NSCLC cells.
In conclusion, we find that STMN1, a target of miR-101, can regulate autophagy and sensitivity to radiation through PI3K/mTOR signaling in NSCLC. Our findings suggest that silencing of STMN1 or upregulation of miR-101 could be a radiotherapy enhancer in the lung cancer cell lines,
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